Radiosurgery is defined as the use of highly focused beams of radiation to ablate a pathologic target, thus achieving a surgical objective by noninvasive means. Recent advances have allowed a wide variety of intracranial lesions to be effectively treated with radiosurgery, and radiosurgical treatment has been accepted as a standard part of the neurosurgical armamentarium. The advent of frameless radiosurgery now permits radiosurgical treatment to all parts of the body and is being actively explored by many centers. This article reviews some of the modern tools for radiosurgical treatment and discusses the current clinical practice of radiosurgery.
Stereotaxis has made the depths of the brain accessible to surgery and the use of radiation has made it possible to operate through the intact skull.
-LARS LEKSELL, Stereotaxis and Radiosurgery (1) W ith these words, Lars Leksell summarized the guiding principle of radiosurgery: to use highly focused, precisely aimed beams of radiation to ablate a pathological target with the same finality as surgical resection. The requirement of ablation distinguished this nascent field from that of radiotherapy, and the clear advantages of safety-no risk of infection, bleeding, or disfigurement-permitted treatment of tumors that were inaccessible to surgery. The combination of radiation technology and the surgical philosophy of ablation led to Leksell's coinage of the word radiosurgery.
Radiosurgery was initially limited to the brain because of the requirement of a stereotactic frame attached to the skull to provide a coordinate system for tumor localization. Recent advances, however, allow radiosurgical treatment throughout the body without such frames, and new protocols are being written for tumors of the lung, liver, pancreas, kidney, and other sites. These developments are some of the most exciting in the field of radiation oncology.
This article reviews some of the modern radiosurgical tools and the new developments that allow radiosurgical treatment outside the brain. It then discusses the current practice of radiosurgery for the brain and spine along with recent results. A future paper will describe preliminary results in extracranial radiosurgery.
RADIOSURGERY: THE TOOLS Leksell's idea and the Gamma Knife
The central idea of radiosurgery, attributed to Leksell, is to aim a large number of beams of radiation at the desired target from many directions (Figure 1) . The target receives a dose from each beam, whereas all other sites receive only a single dose. In this fashion the radiation is "focused" upon the target at the central point with minimal exposure to surrounding tissue.
Leksell refined his radiosurgical devices over many years to culminate in the current version of the Gamma Knife (1) . At the heart of this system is a large metal collimator consisting of a dome-shaped shell perforated with 201 holes that transmit the radiation to its center point (Figure 2 ). The patient's head is placed within the collimator so that the target lies at this center. Although the radiation is maximal at the target point itself, the radiation falls to zero rapidly as the distance from this center point increases. The result is that the volume of tissue receiving 50% or less of this maximum amount is a tightly focused sphere of radiation centered at the desired target.
A single sphere of radiation is obtained each time the patient's head is inserted into the Gamma Knife, and spheres at different centers can be produced by slight changes of the head position at each insertion. In this fashion, a complex tumor can be covered by spheres during a single treatment (Figure 3 ). The process is facilitated by the availability of collimators of various sizes, which produce spheres with diameters of 4, 8, 14, or 18 mm. The overall accuracy of the Gamma Knife system is 1 mm or less (2).
The stereotactic frame
To position the head so that the desired target is at the center of the collimator, a stereotactic frame is anchored to the skull with four screws that penetrate the outer table. This box-shaped device is worn during the radiologic studies and contains fiducial markers appearing on the images, which are used by a computer algorithm to specify how the frame is to be attached to the collimator to align the target at the center. The newest version of the Gamma Knife is equipped with robotic motors that move the frame automatically from one location to another during complex treatments. The frame is placed with the aid of light sedation and a local anesthetic and is usually well tolerated.
Case example 1
A 57-year-old woman with non-small cell lung cancer developed multiple intracranial metastatic lesions 5 months following diagnosis and was treated with whole brain radiotherapy. Her radiologic studies improved, but a magnetic resonance (MR) image obtained 1 year after radiotherapy showed progression of lesions, including a right frontal and right cerebellar lesion. She underwent Gamma Knife radiosurgery to treat 17 separate lesions. Three months following radiosurgery, all lesions were smaller or stable and her neurologic status was unchanged (Figure 4) .
A different idea: the CyberKnife
The necessity for a stereotactic frame imposes several important limitations. First, lesions outside the head cannot be treated. Second, fractionated treatments extending over several days cannot be delivered without a prolonged and impractical use of the frame. Finally, some patients (e.g., infants) cannot be treated because they cannot tolerate rigid frame fixation. A frameless system would therefore allow treatment of tumors anywhere in the body, permit the use of fractionated schedules, and extend radiosurgery to other patient populations.
The CyberKnife is a recently developed frameless stereotactic system that has enjoyed widespread acceptance (3, 4) . It consists of a modified linear accelerator mounted on a robotic system that moves slowly around the patient, delivering several beams of radiation at each of many stopping points ( Figure 5 ). Stereotactic precision is achieved without a rigid frame by means of two x-ray systems mounted in the CyberKnife vault, which are used to obtain periodic images of the skull. Any patient motion is detected by these images, and that information is used by the robot to compensate and keep the linear accelerator on target: in effect, the CyberKnife "tracks" the patient. The overall accuracy of the system is reported to be 1.1 ± 0.3 mm (4, 5) .
Because the CyberKnife does not require a stereotactic frame, treatments can be given in a fractionated fashion, with smaller doses given over several days rather than one large dose on a single 
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day. The theoretical benefit of this hypofractionated or staged regimen is a smaller risk of damage to surrounding normal tissue. For example, a hypofractionated regimen was reported recently for the treatment of acoustic neuromas in which the rate of hearing preservation was higher than that found in conventional radiosurgery (6) . Although experience is early, many centers routinely use hypofractionated schedules to avoid complications for tumors that are large, located near eloquent structures, or surrounded by edema.
Although the initial use of the CyberKnife was for radiosurgery of the brain, extension to tumors elsewhere in the body is more challenging and has required several technical refinements. For example, the anatomy of the spine is too complex for the system to track with x-rays alone, necessitating the placement of internal fiducial markers-small, 2-mm stainless steel screws placed in the spinal lamina adjacent to the desired target-that are "tracked" by the system during treatment even during complex movement of the spine. The fiducials are placed during a percutaneous outpatient procedure prior to radiosurgical treatment. A wide variety of spinal lesions, including metastatic lesions, cord tumors, and arteriovenous malformations (AVMs), have been treated (7, 8) .
Radiosurgery of other organs requires that the CyberKnife system also compensate for respiratory movement. The internal fiducial markers used for the spine are insufficient because x-rays cannot be taken quickly enough to track the respiratory cycle. The needed step is the placement of external markers on the skin that can be tracked continuously by infrared signals (similar to systems used for intraoperative navigation) and periodic registration of the movement of the internal fiducials with that of the external fiducials. A mathematical model is then built that relates the movement between these two sets of fiducials and allows the external fiducials-tracked continuously-to predict the movement of the internal fiducials and thus of the tumor. In this fashion, tumors in organs that move with respiration can be continuously tracked to allow precise radiosurgical treatment (9) (10) (11) .
The advances that allow extracranial radiosurgery are very recent, and protocols to distinguish optimal dosing and clinical strategies are under way. This new capability is emerging as a valuable and exciting oncological tool.
Case example 2
A 65-year-old woman presented with a 7-cm right lower lobe cavitary lesion, a large right pleural effusion, a 2-cm left lingular lesion, and left hilar adenopathy. Positron emission tomography (PET) computed tomography showed hypermetabolic uptake in the lung lesions and hilum but no evidence of distant disease. Biopsy of the cavitary lesion showed non-small cell carcinoma, later staged as stage IV T 2 N 1 M 1 . She was symptomatic with right lower back discomfort and a single episode of hemoptysis. Although palliative external beam radiation alone was considered at an outside facility, she was referred for CyberKnife lung radiosurgery.
Because standard treatment with either chemotherapy alone or palliative large-field standard external beam radiation was thought to have little chance of local control with significant risks of morbidity, radiosurgery was chosen to obtain more durable local control and to limit morbidity. Both lung lesions were treated with CyberKnife radiosurgery using a hypofractionated course of three fractions of 14 Gy each to obtain a biologically effective dose of over 100 Gy. Although the lingular lesion was not symptomatic, it was treated since the likelihood for tumor control was high and the potential for morbidity low with radiosurgery compared with standard treatment. The hilar adenopathy was not treated due to concern for potential bronchial fistula. Chemotherapy was planned following radiosurgery. Six weeks after the lung radiosurgery, there was a marked response, with resolution of the pleural effusion, near resolution of the left lingular mass, and significant shrinkage of the cavitary right lower lobe tumor. The patient was asymptomatic prior to initiation of chemotherapy ( Figure 6 ).
RADIOSURGERY: THE APPLICATIONS
This section summarizes some of the major applications of contemporary radiosurgery.
Metastatic disease
Radiosurgery is well suited for the treatment of metastatic lesions because these lesions are usually relatively small and round. Numerous reports document local control rates of 80% to 100% for a variety of tumor types (where local control generally means lack of growth), with rates of symptomatic radionecrosis of about 5% (12) (13) (14) (15) (16) . For example, Gerosa (13) reported a local control rate of 93% with a mean follow-up of 14 months after treatment of 1307 metastatic lesions in 804 patients; Sheehan (12) reported an 84% control rate with a mean time to tumor progression of 12 months of 627 metastatic lesions in 273 patients with non-small cell lung cancer; Amendola (16) found a 94% local control rate with a median follow-up of 7.8 months in 68 patients with breast cancer; Radbill (17) found an 81% local control rate with a median follow-up of 25 weeks (median survival, 26 weeks) in 188 lesions in 51 patients with melanoma; and Wowra (18) found an actuarial local control rate of 95% at 1.5 years following radiosurgery in 350 lesions in 75 patients with renal cell carcinoma.
Radiosurgical treatment of metastatic lesions also seems to have salutary effects upon survival. Several recent reports (a total of 354 patients) show a median survival of about 10 months following radiosurgery of metastatic lesions (19) (20) (21) (22) (23) , comparing favorably to that of surgical resection (10.8 months) and surgical resection combined with whole brain radiotherapy (12 months) (24) . A recent prospective, randomized trial showed a longer median survival when radiosurgery was added to whole brain radiotherapy for one to three metastatic lesions (6.5 vs 4.9 months); the median survival of patients with a favorable clinical status (RPA1) was 11.6 months (25) . Local control and functional status were also improved with radiosurgery. Finally, preliminary results of a prospective randomized trial (26) show a median survival of 17 months for patients with single lesions treated with radiosurgery. The addition of whole brain radiotherapy did not significantly alter the mean survival (18 months) but did reduce the number of new lesions from 45% to 15%.
Radiosurgical treatment of metastatic brain lesions can confer improvements in local control, survival, and quality of life with low morbidity. Radiosurgical treatment is quick and noninvasive and can be used repeatedly as new lesions arise. Optimal therapy may be a combination of radiosurgery and radiotherapy, and radiosurgery can be effective if radiotherapy fails or lesions recur. These features have made the treatment of metastatic disease the most common use of radiosurgery for the brain. Figure 4 shows the response of a metastatic lesion to radiosurgery. The following example illustrates that radiosurgery may be used repeatedly and aggressively with good results.
Case example 3
A 48-year-old woman with ovarian cancer underwent craniotomy for resection of a metastatic lesion and was subsequently treated with whole brain radiotherapy. New intracranial lesions were discovered and treated over the next few years as follows: two new lesions discovered 12 months after craniotomy were treated with the Gamma Knife; three new lesions discovered 5 months later were treated with the Gamma Knife; seven new lesions discovered 6 months later were treated with the Gamma Knife; three new lesions discovered 16 months later were treated with the Gamma Knife; two new lesions discovered 2 years later were treated with the Gamma Knife; two new lesions discovered 11 months later were treated with the CyberKnife; and two new lesions discovered 20 months later were treated with the CyberKnife. Seven years after the appearance of her first intracranial metastatic lesions and following the treatment of 20 lesions with seven radiosurgical procedures, her tumors are controlled and she remains neurologically intact (Figure 7 ). Her course should be compared with estimates of a median survival of 7 months for patients with intracranial metastatic ovarian carcinoma (27) .
Gliomas
Radiosurgery is often incorporated into treatment protocols for gliomas with the hope that local control might lead to improved survival despite the infiltrative nature of these tumors. Although the most common use of radiosurgery in these settings is as a salvage procedure for tumor progression after conventional radiotherapy, some centers choose radiosurgery as an upfront measure at the onset of disease. This latter approach has been studied in a recent prospective, randomized trial that showed no survival benefit nor benefit of quality of life when radiosurgery was used prior to radiotherapy in patients with glioblastoma multiforme (28) . Nevertheless, many believe that radiosurgery can play an important role in the treatment of progressive gliomas, and several series suggest a benefit of radiosurgery for recurrent glioblastoma when the enhancing portions of the tumor are targeted (29) (30) (31) . The issue has been reviewed by McDermott et al (32) , who suggest that results could be improved if the most metabolically active portions of the tumor are targeted using MR spectroscopy or PET scanning. Finally, some studies show high rates of local control for unresectable pilocytic astrocytomas (33) .
Although there may be little benefit of radiosurgery as an initial treatment of glioblastoma, it is reasonable to offer radiosurgical treatment of the enhancing portions of progressive or recurrent high-grade gliomas. Incorporation of physiological information derived from MR spectroscopy or PET scans may increase the benefit of radiosurgery for these difficult tumors (Figure 8 ).
Acoustic neuromas
Acoustic neuromas (vestibular schwannomas) are benign tumors arising from the vestibular nerve. These tumors can damage the seventh and eighth nerve, brain stem, and fifth nerve as they slowly grow in the confined space of the posterior fossa. Surgi- cal approaches include the translabyrinthine approach, which sacrifices hearing, and the suboccipital approach, which can preserve hearing. In addition to the morbidity associated with major intracranial procedures, a major surgical consideration is the risk of injury to the facial nerve, which can exceed 25% for large tumors, even in expert hands (34) .
For tumors exerting a symptomatic mass effect on the brainstem or causing hydrocephalus, prompt surgical resection is the treatment of choice. For other tumors that are growing slowly, radiosurgical treatment has evolved and is now considered a competing (and in some cases superior) option to resection. Lunsford et al reported a local control rate of 97% in 829 cases at 10 years with a risk of facial neuropathy of <1% (35), and Prasad et al (36) reported a local control rate of 94% in 153 cases with a permanent facial neuropathy rate of 1%. Whether hypofractionated radiosurgery can improve rates of hearing loss is controversial, although a hearing preservation rate of 74% has been reported in a group of patients with an average tumor diameter of 18.5 mm followed for a minimum of 36 months after treatment (6) . If confirmed by future studies, this rate is a significant improvement over those reported after resection (34) .
Radiosurgical treatment of acoustic neuromas has become an accepted option. Of interest is a recent successful lawsuit filed against a physician when discussion of radiosurgical treatment was omitted from preoperative counseling (37) .
Meningiomas, pituitary tumors, and other benign tumors
Radiosurgery can provide local control for a variety of benign tumors just as it does for acoustic neuromas. Control rates for meningiomas are >90% (38) (39) (40) in series with follow-up of 5 to 10 years, with morbidity depending on the location and size of the tumor. Although complete surgical resection of these lesions may be preferable to radiosurgical treatment, Pollock (38) found that radiosurgical treatment was equivalent to a Simpson grade 1 resection for meningiomas <35 mm in diameter. Furthermore, many difficult lesions cannot be completely removed without a high risk of damage to important structures (such as cranial nerves) to which the tumor adheres. The option of leaving behind a small but troublesome portion of the tumor for subsequent radiosurgical treatment has altered surgical strategy in most centers.
Although radiosurgery provides a local control rate of 90% for pituitary tumors (41), initial treatment is usually surgical resection. Radiosurgery is particularly useful when the tumor invades the cavernous sinus and cannot be completely resected. Disadvantages of radiosurgical treatment include a long latency until hormonal secretion is controlled (42) and a limitation of dose if the tumor presses into the radiosensitive optic apparatus (43) .
Some have argued that the possibility of radiation-induced malignancy should preclude the use of radiosurgery for benign tumors, and there have been a few reports of new malignant tumors following radiosurgery. However, the risk of this complication is low-only three cases of malignancy following radiosurgical treatment of benign lesions have been reported (44) in more than 170,000 radiosurgical procedures for benign lesions (according to the Elekta website, www.elekta.com)-and is comparable to the risk of major anesthetic complications during the surgery that would occur in place of radiosurgical treatment.
Arteriovenous malformations
AVMs are abnormal microscopic fistulae between the arterial and venous circulation that appear as a tangle of blood vessels and present as seizures, neurologic deficit, or hemorrhage. Annual rates of hemorrhage of 3% to 4% prompt most centers to recommend treatment. Surgical resection can be difficult because of the risk of neurologic deficit and the risk of torrential bleeding during the procedure.
Radiosurgery was first used to obliterate an AVM by Steiner (45) . By focusing the field upon the AVM nidus (rather than feeding vessels or draining veins), obliteration rates of 50% to 90% can be obtained depending on the size of the AVM. However, obliteration usually does not occur until 2 years after treatment, so the risk of radiosurgery is the risk of the radiation itself (usually 3% to 5%) added to the risk of hemorrhage (3% to 4% per year) until obliteration is complete (46) . The comparison of this risk to that of surgical resection is both an essential and complex requirement for each case.
Case example 4
A 28-year-old woman was found to have a 3-cm left thalamic AVM after recovering from an intracranial hemorrhage. The size and location of the lesion precluded resection and embolization. She was treated with Gamma Knife radiosurgery (13 Gy to a 30% isodose line surrounding the nidus of the AVM). Several months later she developed a mild right hemiparesis, and her MR image showed increased T2 signal in the region of the AVM. Her symptoms improved with steroids but worsened when she stopped the steroids without medical advice. Three years after treatment, she 
Brain tumors in children
Malignant brain tumors are the most common solid tumors of childhood and are unfortunately often more aggressive than those of adults. Many centers include Gamma Knife radiosurgery in their protocols for older children. The efficacy and morbidity seem to be similar to those for adults, establishing radiosurgical treatment for pediatric disease.
The situation for babies and younger children is more desperate for two reasons. First, malignant brain tumors in younger children tend to be more aggressive than those in adults. Second, conventional radiation therapy cannot be given to young patients without a high risk of devastating cognitive decline in later life (47) . Although many pediatric oncologists will temporize with surgery and chemotherapy until the patient is old enough to tolerate radiation, the inability to freely use radiation therapy is a major disadvantage. Third, although Gamma Knife radiosurgery would offer the opportunity for local treatment while avoiding the widespread exposure that would lead to later cognitive problems, the fragile skulls of these young patients are not suitable for the rigid frame fixation required by Gamma Knife radiosurgery.
Fortunately, the CyberKnife does not require a frame and so would seem to be ideally suited for the treatment of these young patients. The feasibility of this approach has been recently shown (48, 49) , with acceptable rates of efficacy and morbidity. The CyberKnife allows radiosurgical treatment of children when other radiotherapy is prohibited (Figure 10 ).
Trigeminal neuralgia
Trigeminal neuralgia-an excruciating, lancinating type of facial pain that can be severe enough to lead to suicide-usually occurs in the distribution of one or two branches of the trigeminal nerve. It is thought to be caused by irritation of the nerve by a nearby vessel. Medical treatment is usually effective initially but often fails, and surgical treatment is directed at moving the offending vessel during a posterior fossa craniotomy (microvascular decompression) or by partly damaging the trigeminal complex with a percutaneous approach. Success rates of these procedures are high: excellent results (98% pain free without medication) are seen in 75.2% of patients 1 year following microvascular decompression and in 63.5% after 10 years (50). Rates of complete pain relief for percutaneous procedures are approximately 80% after 1 year and >50% after 5 years (51) .
Gamma Knife radiosurgery is commonly used as a noninvasive way to induce partial damage of the trigeminal nerve in these patients (Figure 11 ). Initial reports claimed high rates of efficacy, although recent reports have refined these data. Although only about one third of patients treated with radiosurgery become pain free (52, 53) , these patients are typically those who have failed microvascular decompression or percutaneous procedures. Furthermore, one recent review indicates that the efficacy of radiosurgery is similar to that of the percutaneous procedures for patients who have not undergone other procedures, but radiosurgery has a lower rate of disturbing facial numbness (51) . Radiosurgery can also be safely repeated if the pain recurs, adding to the overall rate of success (54) .
We believe that radiosurgical treatment of trigeminal neuralgia is not as effective as other surgical procedures but has a useful role when the other procedures have failed, when the patient does not want the facial numbness required by percutaneous procedures, or when the patient is unable to undergo conventional surgery.
Spinal lesions
As described before, the radiosurgical treatment of spinal lesions requires placement of small fiducial markers in the lamina adjacent to the tumor. Ryu showed the feasibility of this approach in 16 patients with a variety of spinal lesions treated with 11 to 25 Gy in one to five fractions with the CyberKnife. No morbidity or progression was seen with a minimum follow-up of 6 months 
NEW FRONTIERS IN RADIOSURGERY FOR THE BRAIN AND BODY
(7). Gerszten et al (8) reported 125 cases of spinal tumors with a median follow-up of 18 months following CyberKnife treatment. Seventy-nine of the patients were treated for pain related to their lesion, and improvement in pain was seen in 74 of these patients after 1 month. An additional 14 benign tumors and 30 of 32 malignant tumors did not progress after treatment.
Although early, the experience with radiosurgery for spinal lesions is encouraging.
GOALS AND ADVANTAGES OF RADIOSURGERY
The doses of radiation that can be safely used in radiosurgery are far higher than the equivalent doses used in conventional radiotherapy because the radiosurgical plan spares the surrounding normal tissue from high levels of radiation. This may explain the efficacy of radiosurgery in treating "radioresistant" tumors such as renal cell carcinoma and melanoma (17, 18) .
Radiosurgery can be used in combination with conventional radiotherapy to give a "boost" to the tumor. Radiosurgical treatment is also frequently effective for recurrences after radiotherapy and can be repeated for multiple recurrences. Furthermore, tumors that are inaccessible to surgery can often be treated with a radiosurgical plan. Finally, because the focal plans of radiosurgery minimize the dose to normal tissues, aggressive strategies including high doses and multiple treatments are feasible.
An important advantage of radiosurgery is that it is noninvasive. There are no incisions and virtually no risk of infection, no hair is shaved, and most patients return to their activity the following day. Radiosurgery can be offered to patients who are poor surgical candidates and does not consume much of the patient's time.
LIMITATIONS AND RISKS OF RADIOSURGERY
The efficacy of radiosurgery is lower and the risk of complications is higher for tumors that are large or that have been treated with radiation in the past. For example, most centers use reduced doses, and accept a lower rate of efficacy, for tumors >3 cm in diameter in order to avoid radionecrosis. Similar concerns hold for tumors that are surrounded by edema. However, radiosurgery is commonly used in patients who have received prior conventional radiotherapy.
A particularly vexing limitation of radiosurgery is imposed by the sensitivity of the optic nerves and optic chiasm to radiosurgical doses. Most centers limit the dose to these structures to 8 Gy (compared with doses of 15 to 20 Gy to treat meningiomas and metastatic lesions, respectively). Because of these limitations, treatment of tumors adjacent to the optic chiasm such as meningiomas can be technically demanding, and treatment of tumors such as optic gliomas can be impossible.
The risk of radiosurgical damage to the other cranial nerves seems to be lower than the risk to the optic nerve. For example, meningiomas of the cavernous sinus commonly involve cranial nerves III through VI, and marginal doses of 15 to 17 Gy are well tolerated. The same is true for tumors of the skull base engulfing the lower cranial nerves. The risks to the facial and trigeminal nerves are also relatively low and have been discussed in the acoustic neuroma and trigeminal neuralgia sections, respectively.
Radionecrosis is a feared risk of radiosurgery and refers to a combination of cytotoxic and microvascular tissue injury within the treated field as a consequence of the delivered radiation. The onset of injury may be delayed several months following treatment and usually persists for months. The injury may be asymptomatic or may mimic a severe stroke and require steroids, hyperbaric oxygen, or surgical decompression.
The risk of radionecrosis increases with higher doses and with larger treatment volumes, and clinicians typically choose doses to minimize these risks. For example, guidelines for doses yielding specific risks for various volumes of an AVM nidus are available (46) , and the general goal is to limit the risk to 5%. The risk of radionecrosis when treating primary brain tumors and brain metastases has been studied in a randomized trial (55) . Single-fraction doses of 24, 18, and 15 Gy for tumors of maximum diameter ≤20, 21-30, and 31-40 mm, respectively, yielded an actuarial incidence of radionecrosis of 11% at 24 months following treatment. In our practice, we attempt to limit this risk to approximately 5% by using slightly smaller doses than these levels.
CONCLUSION
A constant stream of technical refinements has improved the delivery of radiosurgery to the brain, has expanded radiosurgical applications, and now allows radiosurgical treatment of virtually any organ in the body. The local control of tumors achieved by radiosurgery confers a survival benefit for patients with metastatic disease, and radiosurgical treatment of lesions such as AVMs and acoustic neuromas is now accepted as an essential part of the neurosurgical arsenal. Although there is reason to be optimistic about radiosurgery for extracranial disease, there is a need for more experience and for directed protocols. In this issue of BUMC Proceedings, Drs. Giller and Berger have provided an excellent review of radiosurgery using two commercially available products: the Gamma Knife for intracranial tumors and the CyberKnife for both intra-and extracranial tumors. They are to be commended for their comprehensive effort.
In general, the term radiosurgery is somewhat misleading to most physicians and patients. There is no argument, however, that the term is immensely marketable. As discussed clearly in the article by Drs. Giller and Berger, no surgery is involved. The reference to surgery can imply that the target tumor is completely ablated and that the treatment is close to or equal to surgical resection. At best, this is a highly optimistic goal and certainly not applicable to all targeted tumors. The authors substantiate this fact when, in many instances, "local control" is defined as "lack of growth." Thus, radiosurgery is just one of the techniques from the above list that allows a higher dose of radiation to be administered to a limited volume, providing a myriad of tumor responses ranging from ablation to growth restraint to size reduction. Because it has been a part of the medical literature for decades, the term will remain unchanged despite its limitations and ambiguities.
As discussed in the article, the Gamma Knife can be used to treat many intracranial tumors, both benign and malignant, including metastases, malignant primary brain tumors, benign primary brain tumors, vascular malformations, and, in certain cases, functional disorders. A reasonable amount of clinical data has been published for the use of the Gamma Knife or other forms of radiosurgery in the above clinical settings. The most common use of the Gamma Knife has been for treating brain metastases, and in the vast majority of cases radiotherapy has been combined in some fashion with whole brain radiation therapy.
In the September 1, 2005, edition of the International Journal of Radiation Oncology • Radiobiology • Physics (the official journal of the American Society for Therapeutic Radiology and Oncology, or ASTRO, the largest professional organization of radiation oncologists in the world), a consortium panel published an evidence-based review of the use of radiosurgery in patients with brain metastases (1). They believe there is level I-III evidence of improved survival for the addition of radiosurgery boost with whole brain radiation therapy in patients with a single brain metastasis. The issue of treating patients with four or more brain metastases is more controversial, as there is a limited amount of data to support the use of radiosurgery in these patients. The panel's recommendation is to reserve the use of radiosurgery as a boost for patients with up to three brain metastases (and possibly four, based on one randomized trial) in conjunction with whole brain radiotherapy. In addition, the panel could not make recommendations as to the clinical benefit or risk of radiosurgery treatment in the clinical setting of recurrent or progressive brain metastases. Although the patients in case example 1 and case example 3 of the article appear to have done well, the data supporting their respective treatments are lacking. These are examples of patients we feel are best treated on protocols or studies so that data on outcomes, side effects, and other parameters can be accrued and followed.
If the amount of data for the use of radiosurgery in intracranial tumors can be described as reasonable, then the literature supporting the extracranial use of radiosurgery can best be described as minuscule. To the best of our knowledge, there are no multiinstitutional, prospective, randomized trials supporting the use of the CyberKnife (or any other form of extracranial radiosurgery) as superior to surgery, chemotherapy, radiation therapy, or any combination of the three conventional forms of cancer treatment. We applaud Drs. Giller and Berger for their disclosure of this and their even-handed portrayal of the role of the CyberKnife in extracranial radiosurgery. However, given current marketing initiatives and the multitude of questions from patients as well as other physicians, we felt a brief discussion of the literature was well within the scope of this editorial. Some particular tumor sites that have been proposed as being ideal for extracranial radiosurgery include the lung, liver, and pancreas.
In patients with stage I non-small cell lung cancer (NSCLC) who are medically inoperable, data from predominantly single institutions may support the use of extracranial radiosurgery. The patient numbers are small, ranging from 10 to 45 (2) (3) (4) (5) (6) . Some studies included both medically inoperable stage I NSCLC and lung metastases (4, 6) . Another study included lung and liver metastases (7) . Most of these papers concluded that radiosurgery was well tolerated and feasible (2, 3, 5, 6 ). Salazar et al (4) found a high degree of local control and possibly improved survival with the use of radiosurgery; however, a significant percentage of their patients also received conventional external-beam radiation therapy followed by a radiosurgery boost. In addition, this series also included some patients with recurrent lung cancer (4). Based on a phase I trial by Timmerman et al (5) , the Radiation Therapy Oncology Group is planning a phase II trial of radiosurgery in medically inoperable stage I NSCLC patients.
In patients with liver metastases, there is a limited amount of data to support the use of radiosurgery (7, 8) . Schefter et al (8) showed that radiosurgery of liver metastases was well tolerated and feasible. A phase II trial is under way. Koong et al (9) performed a phase I dose-escalation study of extracranial radiosurgery in 15 patients with locally advanced pancreatic cancer. Radiosurgery was found to be feasible, and a phase II study is planned. We anxiously await the results of these phase II studies and other studies that may be currently accruing patients. However, we do not believe, at the current time, that extracranial radiosurgery is a substitute for conventional treatments for these tumor sites. We do believe that treatment in these groups of patients with the CyberKnife or other forms of radiosurgery is reasonable if done on protocol or as part of a study where data on outcomes, side effects, and other clinical parameters can be gathered and used to direct future treatments.
Lastly, a contrast must be drawn between 3DCRT, IMRT, and radiosurgery in terms of "fractionation." Nearly 100 years of data support conventionally fractionated radiation therapy, the basis of which is a daily dose fraction given over multiple days that achieves adequate tumor cell kill with an acceptable, low rate of side effects. 3DCRT and IMRT use conventional fractionation and dose escalation to higher doses and can decrease radiation to the normal, uninvolved surrounding tissues to improve outcomes and decrease side effects. Radiosurgery uses larger daily doses given over a smaller number of fractions; this is termed hypofractionation. Hypofractionation may be beneficial for a patient treated with the intent of palliation, as for brain metastases, but it is currently unproven and not the standard of care for curative attempts in malignancies such as prostate, breast, gynecologic, gastrointestinal, or head and neck cancers. In addition, with the paucity of long-term data for side effects, especially with extracranial radiosurgery, there is the potential for increased chronic side effects with hypofractionation as opposed to conventionally fractionated radiation therapy using 3DCRT or IMRT.
In conclusion, we congratulate Drs. Giller and Berger for their timely, comprehensive, and excellent article. We believe that the Gamma Knife and the CyberKnife have beneficial roles to play in the spectrum of cancer therapeutics, and we look forward to their additive and synergistic roles, along with the current conventional treatments of chemotherapy, surgery, and radiation therapy. Finally, we look forward to enrolling patients into protocols and studies using these new technologies, which will hopefully benefit our current and future patients. 
THE AUTHORS REPLY:
We appreciate the thoughtful comments of Dr. Cheek and Dr. Scruggs. We agree that formal protocols will be helpful in the development of extracranial radiosurgery, and we completely agree that radiosurgery is best used as part of a comprehensive treatment plan that can appropriately incorporate surgery, radiotherapy, and chemotherapy.
We disagree, however, with any suggestion that radiosurgical technology is so new or untried that it can be offered only within the confines of a prospective randomized trial. There is ample evidence that radiosurgery can provide local control with acceptable toxicity in many settings; to withhold its use and forego the chance of local control because trials have not fully tested this new technology seems overly stringent. Furthermore, the complex patterns seen in the oncology clinic do not always fit into the clean categories of formal protocols, so the right decisions are those based more on clinical judgment than perfect science. A surgeon would not hesitate to remove two adjacent tumors simply because the medical literature only addressed solitary lesions, and likewise we feel that the radiosurgeon should be guided by the clinical problems at hand. Finally, when discussing treatment options with a vigorous patient harboring significant disease, we are reminded that it is not inappropriate to offer promising technology on a compassionate basis when the choices are limited and the prognosis is bleak.
